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20 min after the stimulation (all, p < 0.001). In patients 
with incomplete SCI, anodal tDCS with PES significantly 
increased the number of ankle movements in 10 s at 20 min 
after the stimulation (p = 0.004). In conclusion, anodal 
tDCS combined with PES could induce spinal plasticity 
and improve ankle movement in patients with incomplete 
SCI.
Keywords H-reflex · Disynaptic reciprocal inhibition · 
Presynaptic inhibition · Spinal plasticity · Locomotion · 
Rehabilitation
Introduction
Spinal inhibitory reflexes mediated by gamma-aminobu-
tyric acid (GABA) and glycine are often absent or reduced 
in patients with spinal cord injury (SCI) (Calancie et al. 
1993; Okuma et al. 2002). This reduced spinal reciprocal 
inhibition is thought to contribute to poor movement abil-
ity and abnormal muscle coactivation during locomotion 
(Fung and Barbeau 1989; Knikou and Mummidisetty 2011; 
Bhagchandani and Schindler-Ivens 2012).
Rehabilitation training can induce some plastic changes 
in spinal reflex circuits and help the recovery of lower limb 
function following SCI (Knikou and Mummidisetty 2014; 
Knikou et al. 2015). However, this plastic change and 
recovery are often limited (Raineteau and Schwab 2001; 
Thompson et al. 2006, 2009). Strategies for further enhanc-
ing spinal plasticity and improving lower limb function in 
individuals with SCI are sorely needed. One such strategy 
is patterned electrical stimulation (PES) that is applied to 
the common peroneal nerve and mimics input from primary 
ankle-dorsiflexor afferents during walking. This stimulation 
normally produces a short burst of firing at the beginning 
Abstract Supraspinal excitability and sensory input may 
play an important role for the modulation of spinal inhibi-
tory interneurons and functional recovery among patients 
with incomplete spinal cord injury (SCI). Here, we investi-
gated the effects of anodal transcranial direct current stimu-
lation (tDCS) combined with patterned electrical stimula-
tion (PES) on spinal inhibitory interneurons in patients with 
chronic incomplete SCI and in healthy individuals. Eleven 
patients with incomplete SCI and ten healthy adults partici-
pated in a single-masked, sham-controlled crossover study. 
PES involved stimulating the common peroneal nerve with 
a train of ten 100 Hz pulses every 2 s for 20 min. Anodal 
tDCS (1 mA) was simultaneously applied to the primary 
motor cortex that controls the tibialis anterior muscle. We 
measured reciprocal inhibition and presynaptic inhibition 
of a soleus H-reflex by stimulating the common peroneal 
nerve prior to tibial nerve stimulation, which elicits the 
H-reflex. The inhibition was assessed before, immediately 
after, 10 min after and 20 min after the stimulation. Com-
pared with baseline, simultaneous application of anodal 
tDCS with PES significantly increased changes in disyn-
aptic reciprocal inhibition and long-latency presynap-
tic inhibition in both healthy and SCI groups for at least 
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of the swing phase during stepping, and induces short-term 
reciprocal inhibition (RI) plasticity in healthy individuals 
(Perez et al. 2003).
Supraspinal modulation is thought to play an important 
role in inducing long-lasting spinal plasticity (Wolpaw and 
Tennissen 2001; Chen et al. 2006; Fujiwara et al. 2011; Yama-
guchi et al. 2013), which may contribute to the recovery of 
limb and walking function following SCI (Knikou and Mum-
midisetty 2014; Knikou et al. 2015; Kaegi et al. 2002; Chen 
et al. 2006, 2010). Anodal transcranial direct current stimu-
lation (tDCS) is a non-invasive form of artificial supraspinal 
modulation that stimulates brain regions by delivering weak 
direct currents through the skull, and can increase motor cor-
tex excitability in both healthy individuals and neurological 
patients (Nitsche and Paulus 2000; Suzuki et al. 2012).
Fujiwara et al. (2011) showed that applying tDCS 
before PES modulated the effects of PES on RI in a polar-
ity specific manner. Supraspinal modulation may be able to 
strengthen RI changes with PES. Therefore, we hypothe-
size that combining anodal tDCS to the primary motor cor-
tex (M1) with PES may enhance the plastic changes in RI 
induced by PES in patients with incomplete SCI, who lack 
descending cortical drive to the spinal cord. Furthermore, 
these changes may result in improved ankle movements in 
these patients. The objective of our study was to exam the 
effects of anodal tDCS combined with PES on RI and ankle 
movements in patients with incomplete SCI.
Materials and methods
The study protocol was approved by the Committee of 
Medical Ethics of National Yang Ming University, Taiwan, 
and written informed consent was obtained from all par-




Ten healthy volunteers (9 males) aged 35–65 years 
(mean ± SD, 50.7 ± 8.9 years) participated in this study. 
None of the participants had a history of neurological dis-
ease or were receiving any acute or chronic medication 
affecting the central nervous system.
Patients with spinal cord injury
Eleven patients who met the following criteria participated 
in the study of the 58 inpatients and 110 outpatients with 
incomplete SCI: (1) aged 20–65 years; (2) incomplete SCI 
as classified by a rank of C or D on the American Spinal 
Cord Injury Association Impairment scale (Maynard et al. 
1997); (3) the SCI occurred more than 180 days before the 
experiment; (4) ankle plantar-flexor spasticity was at least 
1+ on the modified Ashworth scale (Bohannon and Smith 
1987); (5) ankle dorsiflexion had a manual muscle testing 
grade >1; (6) passive range of motion (ROM) at the ankle 
joint was ≥10° for dorsiflexion and ≥20° for planter flex-
ion. No patient was receiving antispastic medication or 
other drugs that could interfere with cortical excitability. 
Demographic and clinical characteristics of the patients 
are summarized in Table 1. The mean age ± SD was 
51.8 ± 10.7 years (range 28–64 years), and the mean time 
since SCI ± SD was 4.5 ± 4.2 years (range 0.6–12.1 years).
Table 1  Profiles of patients with spinal cord injury
T trauma, NT non-trauma, SCI level the highest spinal cord level that was damaged, ASIA American spinal injury association impairment scale, 
TA tibialis anterior muscle, SOL soleus muscles, MAS modified ashworth scale, WISCI walking index for spinal cord injury




ASIA impairment scale Neurological 
level
MAS WISCI
Motor level Strength grade 
(TA/SOL)
1 52 Male 8 T Left C 2/2 C4 1+ 0
2 64 Male 12 T Right D 1/1 C1 3 4
3 38 Male 20 NT Left D 1/1 T4 1+ 6
4 52 Male 7 NT Right D 2/2 T11 2 14
5 28 Male 52 T Right D 1/1 C4 2 8
6 63 Male 144 NT Left D 2/2 T11 1+ 20
7 58 Male 30 T Left D 2/2 C4 2 13
8 49 Male 78 T Left D 2/2 C4 2 13
9 53 Male 59 T Right C 2/2 C5 2 0
10 59 Male 38 T Right D 2/2 C5 1+ 14
11 54 Male 145 T Right D 1/2 C7 3 9
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Patterned electrical stimulation (PES)
We applied electrical stimulation to the common peroneal 
nerve (CPN) with a train of ten pulses (pulse duration, 
1 ms) at 100 Hz every 2 s for 20 min (Perez et al. 2003). 
The stimulus intensity was set at the motor threshold of the 
tibialis anterior muscle (TA), without producing movement 
of the foot. The motor threshold for electrical stimulation 
was defined as the intensity that evoked a 100 μV response 
in the resting TA.
Transcranial direct current stimulation (tDCS)
Anodal tDCS (1 mA, 20 min) was delivered by a DC 
STIMULATOR PLUS (NeuroConn, Ilmenau, Germany) 
connected to a pair of sponge-surface electrodes. The 
anodal electrode (surface area, 35 cm2) was positioned over 
the M1 contralateral to the TA of interest and the cathodal 
electrode (surface area, 50 cm2) was placed over the fore-
head above the ipsilateral orbit of the TA of interest. The 
position of M1 was confirmed based on induction of the 
largest motor evoked potentials in the TA with a constant 
stimulus intensity using transcranial magnetic stimulation 
(TMS) with a double-cone stimulation coil connected to 
a Magstim 200 magnetic stimulator (Magstim, Whitland, 
UK). Anodal and sham tDCS were administered in a ran-
dom sequence to each participant, and were separated 
from each other by more than 3 days to minimize carry-
over effects. For sham stimulation, the same procedure was 
used, but the current was delivered for only approximately 
15 s to mimic the transient skin sensation felt at the begin-
ning of the stimulation.
Experimental paradigm
The study employed a randomized, single-masked, crosso-
ver, sham-controlled experimental design. In all experi-
ments, RI was measured before, immediately after, 10 min 
after, and 20 min after the intervention. Healthy individuals 
participated in the following three randomly-assigned ses-
sions on three different days: (1) anodal tDCS combined 
with PES (anodal tDCS + PES); (2) sham tDCS combined 
with PES (sham tDCS + PES); (3) anodal tDCS alone 
(Fig. 1a). Patients with incomplete SCI participated in the 
following two sessions, randomly applied on separate days: 
(1) anodal tDCS + PES; (2) sham tDCS + PES (Fig. 1b). 
A computer generated list randomly assigned the order 
of the three or two paradigms. To washout the effects of 
each intervention, we set the interval at over 3 days prior to 
crossover. All participants lay supine with ankle joints set 
at 20° of plantar flexion and knee joints at 30° of flexion 
supported by a pillow. During the experiment, the head and 
arms were fully supported and participants were instructed 
to relax. Additionally, we carefully checked electromyo-
grams for the soleus muscle (SOL) and TA to confirm the 
resting state of these muscles.
Reciprocal inhibition
RI was assessed using a soleus H-reflex conditioning-
test paradigm. The conditioning-test inter-stimulus inter-
val (ISI) was set at 2, 20, or 100 ms to trigger inhibition 
through separate mechanisms (Mizuno et al. 1971). Inhibi-
tion at an ISI of 2 ms is called disynaptic reciprocal inhi-
bition (RI2ms), and is mediated by a spinal glycinergic 
disynaptic inhibitory pathway. An ISI of 20 ms (RI20ms) is 
thought to result from presynaptic inhibition of the Ia affer-
ent fibers that mediate the H-reflex. The origin of the inhi-
bition at an ISI of 100 ms (RI100ms) is less clear, and may 
be attributed to presynaptic inhibition, modulated through 
long-loop inhibitory connections beyond the spinal cord 
(Mizuno et al. 1971; Huang et al. 2009). Ten conditioned 
and ten test H-reflexes were averaged at each time point: 
before (baseline), immediately after, 10 min after, and 
20 min after the stimulation was completed. The H-reflex 
was elicited by stimulating the posterior tibial nerve at the 
popliteal fossa (1 ms rectangular pulse) with an anode on 
the patella. Throughout the experiment, the test H-reflex 
amplitude was maintained at 15–20 % of the amplitude 
of the maximum motor response for the SOL (Crone et al. 
1990). Conditioning stimulation to the CPN was delivered 
using surface electrodes positioned below the fibular head. 
Fig. 1  Experimental procedure. a Healthy individuals partici-
pated in the following three sessions: (1) anodal tDCS + PES; (2) 
sham tDCS + PES; (3) anodal tDCS alone. We measured the soleus 
H-reflex at baseline (PRE), immediately after (post-0), 10 min after 
(post-10), and 20 min after (post-20) the stimulation. (b) Patients 
with incomplete SCI participated in the following two sessions: (1) 
anodal tDCS + PES; (2) sham tDCS + PES. In patients with SCI, 
ankle movement was assessed before and 20 min after stimulation
1472 Exp Brain Res (2016) 234:1469–1478
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The conditioning stimulus strength was set at the motor 
threshold of the TA muscle. Motor threshold was defined 
as a 100 μV response measured at the TA. The CPN-stim-
ulating electrode was carefully positioned to avoid activa-
tion of peroneus muscles, thus ensuring a more selective 
stimulation of the deep branch of the peroneal nerve. The 
conditioning stimulation was repeatedly checked during 
the experiments by monitoring the M wave from the TA 
muscle. The optimal interval for stimulating the CPN to 
produce the inhibition of RI2ms was checked at an ISI of 
0, 1 and 2 ms at the beginning of each session and used 
throughout. Conditioning-test intervals were tested in a 
random block design.
Ankle movement
We measured ankle movement before and 20 min after the 
stimulation. Ankle movement was monitored by a video 
camera to count the number of ankle movements during 
a 10 s period, and we calculated the maximum range of 
motion. Patients were instructed to perform dorsi/plantar-
flexion of the ankle as quickly as possible and with as wide 
a range as possible.
Statistical analyses
For healthy persons, we applied a two-factor repeated-
measures ANOVA to investigate the effects of paradigm 
(anodal tDCS + PES, sham tDCS + PES, and anodal tDCS 
alone) and time (before, immediately after, 10 min after, 
and 20 min after) on RI. For SCI patients, we used a two-
factor repeated-measures ANOVA with paradigm (anodal 
tDCS + PES, sham tDCS + PES) and time (before, imme-
diately after, 10 min after, and 20 min after) as factors. As 
for ankle movement, two-factor ANOVA, assessing para-
digm (anodal tDCS + PES, sham tDCS + PES) and time 
(before and 20 min after) was used to analyze how the 
stimulation paradigm affected the number of ankle move-
ments and range of motion. We performed a Pearson’s cor-
relation analysis between the change in RI and the change 
in the number of ankle movements. The changes of RI 
and the number of ankle movements were calculated by 
subtracting the baseline data from data obtained 20 min 
after the stimulation was completed. Two sample t tests 
were performed to compare the baseline differences in RI 
between incomplete SCI patients and healthy participants. 
We applied a two-factor ANCOVA with group (healthy 
persons and SCI patients) and time (before, immediately 
after, 10 min after, and 20 min after) as factors to compare 
the effects of anodal tDCS + PES on RI between patients 
and healthy participants. For a two-factor ANOVA, post 
hoc analysis was performed using the paired t test to detect 
significant differences within and between paradigms in 
each time point. In an ANCOVA, the student’s t test was 
used to detect significant differences between group means 
after adjusting for the effects of RI baseline as a covari-
ate. For these analyses, multiple comparisons with Bon-
ferroni’s corrections were applied to adjust the p value 
for multiple comparisons (significance was set at 0.00185 
because we compared 27 factors). Otherwise, p < 0.05 was 
considered significant. Statistical analyses were performed 





The values of reciprocal inhibition are shown in Table 2. 
One-factor repeated-measure ANOVA showed no sig-
nificant main effect of time (before, immediately after, 
10 min after, or 20 min after) on test-H amplitudes under 
any stimulation paradigm (anodal tDCS + PES: F = 1.55, 
p = 0.224; sham tDCS + PES: F = 1.09, p = 0.370; anodal 
tDCS alone: F = 0.66, p = 0.582).
At the baseline, RI2ms mean (SD) were 0.85 (0.06), 
0.86 (0.04) and 0.84 (0.08) with anodal tDCS + PES, 
sham tDCS + PES and anodal tDCS alone, respectively. 
The RI20ms were 0.76 (0.09) with anodal tDCS + PES, 
0.80 (0.09) with sham tDCS + PES, and 0.79 (0.10) with 
anodal tDCS alone. For the RI100ms on baseline, anodal 
tDCS + PES was 0.72 (0.13), sham tDCS + PES was 0.74 
(0.11), and anodal tDCS alone was 0.74 (0.08). Baseline of 
RI were not significantly different among the three inter-
ventions (ANOVA, RI2ms: F = 0.47, p = 0.630; RI20ms: 
F = 4.72, p = 0.629; RI100ms: F = 0.67, p = 0.935).
We found a significant interaction between paradigm 
(anodal tDCS + PES, sham tDCS + PES, anodal tDCS 
alone) and time (before, immediately after, 10 min after, 
and 20 min after) in RI2ms (F = 9.12, p < 0.001) and 
RI100ms (F = 10.37, p < 0.001), but not in RI20ms (F = 1.41, 
p = 0.228). Post-hoc testing showed that RI2ms and RI100ms 
at baseline significantly differed from those at immediately 
after, 10 min after, and 20 min after anodal tDCS + PES. 
Post-hoc paired t test also showed that RI2ms at baseline 
significantly differed from immediately after and 10 min 
after sham tDCS + PES. RI did not change at any time 
point when it was not accompanied by PES. Compared 
with anodal tDCS alone and sham tDCS + PES, changes 
in RI2ms and RI100ms were significant at immediately after, 
10 min after, and 20 min after anodal tDCS + PES.
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Incomplete spinal cord injury patients
Reciprocal inhibition
The values of reciprocal inhibition are shown in Table 2. 
Figure 2 shows examples of how soleus H-reflex RI was 
modulated in individual participants. One-factor repeated-
measures ANOVA showed no significant main effect of 
time (before, immediately after, 10 min after, or 20 min 
after) on the test-H amplitudes in anodal tDCS + PES 
(F = 1.55, p = 0.222) and sham tDCS + PES (F = 1.76, 
p = 0.177).
Baseline RI did not significantly differ between anodal 
tDCS + PES and sham tDCS + PES at any ISI (paired 
t tests, RI2ms: p = 0.125, RI20ms: p = 0.901, and RI100ms: 
p = 0.517). The mean RI2ms (SD) were 1.16 (0.19) 
before anodal tDCS + PES and 1.10 (0.19) before sham 
tDCS + PES. The baseline of RI20ms were 1.08 (0.14) 
and 1.07 (0.21) with anodal tDCS + PES and sham 
tDCS + PES, respectively. For the RI100ms on base-
line, anodal tDCS + PES was 1.10 (0.13) and sham 
tDCS + PES was 1.13 (0.17).
A two-factor repeated-measures ANOVA showed 
a significant interaction between paradigms (anodal 
tDCS + PES, sham tDCS + PES) and time (before, 
immediately after, 10 min after, and 20 min after) in RI2ms 
(F = 10.08, p < 0.001) and RI100ms (F = 7.79, p = 0.001), 
































































































































































































































































































































































































































































































































































































































































Fig. 2  An example of test and conditioned H-reflex before and after 
anodal tDCS combined with PES in a single SCI patient. Left Test 
and conditioned H-reflex wave forms at baseline. Right Wave forms 
for the conditioned H-reflex immediately after (post-0), 10 min after 
(post-10), and 20 min after (post-20) anodal tDCS combined with 
PES. Top RI2ms, Middle RI20ms, Bottom RI100ms. RI2ms mean condi-
tioned H reflex amplitude at ISI 2 ms/mean test H reflex amplitude; 
RI20ms mean conditioned H reflex amplitude at ISI 20 ms/mean test 
H reflex amplitude; RI100ms mean conditioned H reflex amplitude at 
ISI 100 ms/mean test H reflex amplitude
1474 Exp Brain Res (2016) 234:1469–1478
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tests revealed that anodal tDCS + PES induced significant 
changes from baseline in RI2ms and RI100m immediately 
after, 10 min after, and 20 min after the stimulation (all, 
p < 0.001). In the sham tDCS + PES, we found a signifi-
cant difference for RI2ms only immediately after the stimula-
tion (p < 0.005). Comparison of anodal tDCS + PES with 
sham tDCS + PES showed significant difference in RI2ms 
and RI100ms at immediately after, 10 min after, and 20 min 
after the stimulation.
Ankle movement
A two factor repeated measures ANOVA for the number of 
ankle movements showed a significant interaction of paradigm 
(anodal tDCS + PES and sham tDCS + PES) and time (before 
and 20 min after) (Fig. 3a; F = 13.65, p = 0.004), but not for 
the ankle range of motion (Fig. 3b; F = 4.89, p = 0.052). Pear-
son’s correlation analysis revealed significant negative rela-
tionships between the changes of RI2ms and RI100ms, with the 
change in the number of ankle movements (RI2ms: r = −0.692, 
p = 0.018; RI100ms: r = −0.618, p = 0.043).
The effects of anodal tDCS + PES on reciprocal 
inhibition in patients with incomplete SCI and in 
healthy participants
The baseline of RI2ms, RI20ms, and RI100ms were sig-
nificantly higher in the incomplete-SCI group than in 
the healthy-participant group (p < 0.001). A two-factor 
Fig. 3  The effects of anodal tDCS (real and sham) combined with 
PES on the number and range of ankle movements. Asterisks show 
significant differences between baseline performance and that 20 min 
after the interventions (p < 0.05). a Effects of anodal tDCS + PES 
on the number of ankle movements for 10 s. b Effects of anodal 
tDCS + PES on the range of ankle movements
Fig. 4  The effects of anodal tDCS + PES on RI in healthy per-
sons and in patients with incomplete SCI. RI changes induced with 
anodal tDCS + PES in incomplete SCI were significantly different 
from that of the healthy-participant group (for both RI2ms and RI100ms, 
p < 0.001), but not in RI2ms. a Effects of anodal tDCS + PES on 
RI2ms in healthy persons (white bar) and in patients with incomplete 
SCI (gray bar). b Effects of anodal tDCS + PES on RI20ms in healthy 
persons (white bar) and in patients with incomplete SCI (gray bar). c 
Effects of anodal tDCS + PES on RI100ms in healthy persons (white 
bar) and in patients with incomplete SCI (gray bar)
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ANCOVA, which included baseline (before intervention) 
as a covariate, showed a statistically significant main effect 
of group (incomplete-SCI group and healthy-participant 
group) on RI2ms and RI100ms (Fig. 4a: RI2ms: F = 8.29, 
p < 0.001, Fig. 4c; RI100ms: F = 10.15, p < 0.001), but not 
in RI20ms (Fig. 4b: F = 2.09, p = 0.098). Post-hoc Student’s 
t test showed RI changes induced with anodal tDCS + PES 
in incomplete SCI were significantly different from that of 
the healthy-participant group (for both RI2ms and RI100ms, 
p < 0.001).
Discussion
We found that anodal tDCS combined with PES signifi-
cantly decreased the value of RI2ms and RI100ms, which 
means the magnitude of disynaptic reciprocal inhibition 
and long-latency presynaptic inhibition had increased in 
healthy participants and patients with chronic incomplete 
SCI. We also found a negative correlation between the 
changes in RI2ms or RI100ms and significant improvements in 
ankle movement at 20 min after the intervention in patients 
with chronic incomplete SCI. This result indicates that 
increased reciprocal inhibition improves ankle movement. 
Our findings provide the first evidence that plastic changes 
in disynaptic reciprocal inhibition and long-latency presyn-
aptic inhibition are associated with improvements in ankle 
movement.
Supraspinal modulation of reciprocal inhibition 
changes induced with PES
Anodal tDCS combined with PES increased the magnitude 
of disynaptic reciprocal inhibition and long-latency pre-
synaptic inhibition for at least 20 min, while sham tDCS 
with PES increased the magnitude of disynaptic reciprocal 
inhibition immediately after in patients with SCI. Previous 
reports also showed that the change of disynaptic recipro-
cal inhibition induced with PES disappeared 10–20 min 
after the intervention in healthy persons (Perez et al. 2003; 
Fujiwara et al. 2011). This may mean that the benefits of 
plasticity on disynaptic reciprocal inhibition via PES are 
limited in terms of modulating impaired reflexes or spinal 
plasticity. Thus, simultaneously combining sensory input 
via PES with supraspinal excitation from anodal tDCS may 
be effective in inducing long-lasting spinal plasticity. Our 
results favor the hypothesis that the long-lasting change 
in disynaptic reciprocal inhibition that resulted from com-
bining anodal tDCS with PES occurred because anodal 
tDCS increased the efficiency of the descending volleys 
reaching spinal inhibitory neurons. Studies have also indi-
cated that Ia inhibitory interneurons in humans that pro-
ject to soleus motoneurons might receive convergent input 
from motor areas in the brain and Ia afferents from the TA 
muscle (Nielsen et al. 1993; Masakado et al. 2001). Addi-
tionally, reports have shown that supraspinal modulation 
plays an important role in the induction and maintenance 
of longer lasting spinal plasticity (Chen et al. 2006; Fuji-
wara et al. 2011). For long-latency presynaptic inhibition, 
the change in inhibition was seen only after anodal tDCS 
combined PES, but not after sham tDCS combined PES. 
The physiological mechanism underlying changes in long-
latency presynaptic inhibition under these circumstances is 
an unanswered question and should be examined in future 
studies. However, Huang et al. (2009) indicated that long-
latency presynaptic inhibition was reduced after applying 
continuous theta-burst stimulation to the premotor cortex. 
They suggested that long-latency presynaptic inhibition is 
caused by long-loop inhibitory connections to supraspi-
nal centers that receive input from the premotor cortex. 
In future studies, we should therefore examine activity in 
multiple brain areas (e.g., sensorimotor cortex, premotor 
cortex area) after combining anodal tDCS and PES using 
functional magnetic resonance imaging (fMRI). Our result, 
however, showed that combined anodal tDCS did not 
affect RI20ms, which means the magnitude of short-latency 
presynaptic inhibition was not changed by modulation of 
the motor cortex. Previous studies describe short-latency 
presynaptic inhibition is mediated through primary afferent 
depolarization (PAD) interneurons, which receive descend-
ing control from the brain stem rather than the primary 
motor cortex (Hongo et al. 1972; Rudomin and Schmidt 
1999; Meunier and Pierrot-Deseilligny 1998). In addition, 
Roche et al. (2011) indicated short presynaptic inhibition 
did not change following application of anodal tDCS to the 
leg motor cortex in healthy individuals. Thus, it is possible 
that the increase of motor cortex excitability by applying 
anodal tDCS to the motor cortex may not modulate short-
latency presynaptic inhibition.
Reciprocal inhibition and ankle movement
Our results showed that the increase in magnitude of disyn-
aptic reciprocal inhibition and long-latency presynaptic 
inhibition at 20 min after anodal tDCS combined with PES 
were correlated to improved ankle movement in patients 
with incomplete SCI. It was supposed that impaired spi-
nal reciprocal inhibition induced gait or movement dis-
turbances in patients with SCI, which is characterized by 
abnormal muscle contraction related to abnormal reflex 
modulation in ankle plantarflexion muscles (Dietz and 
Sinkjaer 2007; Nielsen et al. 2007). In our experiment, 
the increased magnitude of disynaptic reciprocal inhibi-
tion and long-loop presynaptic inhibition after anodal 
tDCS combined with PES are thought to have contrib-
uted to the improved quick turn needed for the dorsi-and 
1476 Exp Brain Res (2016) 234:1469–1478
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plantar flexion of ankle movement. However, we believe 
that improvement of ankle movement could be explained 
by diminution of spasticity in plantar-flexor muscles. In 
future studies, spasticity should be examined using clinical 
assessments (i.e. modified Ashworth scale) by qualified cli-
nicians at the different time points.
The increase in magnitude of disynaptic reciprocal inhi-
bition and long-loop presynaptic inhibition induced with 
anodal tDCS combined with PES were greater in patients 
with SCI than in healthy participants. Some studies showed 
that RI of patients with SCI is impaired owing to loss of 
supraspinal input (Dietz 2002; Dietz and Sinkjaer 2007; 
Calancie et al. 1993; Okuma et al. 2002). It was supposed 
that the amount of reciprocal inhibition is related to the 
degree of functional motor recovery following SCI (Okuma 
et al. 2002). Therefore, the greater effect in patients was 
likely because of their injuries, which caused loss of 
descending cortical drive, which shows how important 
experiencing combined supraspinal excitability with sen-
sory input is for promoting spinal plasticity and improving 
motor function in incomplete SCI patients.
PES
The PES frequency was found on the primary afferents of 
ankle flexor muscles that produce a short burst of firing, 
with rates from 100 to 200 Hz at the beginning of the swing 
phase during stepping in animals (Prochazka and Gorassini 
1998). PES can induce short-term RI plasticity (Perez et al. 
2003). The detailed effects of stimulus parameters on RI 
plasticity remain largely unknown. Some studies indicate 
that peak firing frequencies of Ia inhibitory interneurons 
ranged from 50 to 300 Hz during rhythmic activity such 
as locomotion and scratching in animals (Feldman and 
Orlovsky 1975; Deliagina and Orlovsky 1980; Geertsen 
et al. 2011). Understanding the parameters that can best 
modify spinal networks is critical for optimizing rehabili-
tation strategies following SCI. Thus, in future studies, we 
should investigate more effective stimulus parameters that 
produce the largest inhibition and induce plasticity in RI.
The effect of noninvasive brain stimulation 
on reciprocal inhibition
Another widely used noninvasive brain stimulation technique 
called repetitive transcranial magnetic stimulation (rTMS) 
was shown to reduce lower limb spasticity (Kumru et al. 
2010), and restore impaired excitability in disynaptic recip-
rocal inhibition in subjects with SCI (Nardone et al. 2014). 
These reports support our hypothesis that increasing the 
excitability of the primary motor cortex using the modulation 
technique, such as anodal tDCS and high frequency rTMS, 
will increase descending input from the primary motor cortex 
to spinal inhibitory interneurons, which would then increase 
changes in disynaptic reciprocal inhibition and thus, improve 
ankle movement in patients with incomplete SCI.
In spite of the fact that rTMS has better spatial and tem-
poral resolution, tDCS has some advantages over rTMS, 
such as its safer and easier application, and tDCS can be 
easily combined with other therapies (e.g. peripheral nerve 
electrical stimulation, or locomotion training), however, 
rTMS is difficult to accurately adjust. In particular, the 
combination of anodal tDCS and peripheral nerve electrical 
stimulation may have great potential for promoting spinal 
plasticity and motor recovery to expedite the rehabilitation 
process after central nervous system lesions (Celnik et al. 
2009; Lindenberg et al. 2012). However, further studies 
are still needed to investigate whether the effects of anodal 
tDCS combined with PES on spasticity and gait function 
may induce more pronounced and beneficial clinical effects.
Clinical application
Together with previous findings about the combined effects 
of anodal tDCS and peripheral nerve electrical stimula-
tion on motor recovery after central nervous system inju-
ries (Celnik et al. 2009; Lindenberg et al. 2012), our results 
suggest that the combination of anodal tDCS and PES 
might be an effective adjuvant therapy for functional recov-
ery of locomotion. For example, it is possible to use this 
method in preparation for locomotor training such as tread-
mill walking with partial body weight support and robot-
assisted locomotor training. This means that the spinal 
plasticity induced by anodal tDCS combined with PES may 
promote the effects of locomotor training on functional 
recovery of locomotion in patients with central nervous 
system injuries.
Present study, combining anodal tDCS with PES pro-
duced a restrictive effect on spinal plasticity of disynaptic 
reciprocal inhibition and long-loop presynaptic inhibition, 
suggesting that a single session itself might not be powerful 
enough for use in a clinical setting. Recently, daily applica-
tion of tDCS was reported to have long-lasting beneficial 
effects on cognitive and motor functions (Lindenberg et al. 
2012). These findings raise the possibility that repeated 
anodal tDCS combined with PES may have long-term ben-
eficial effects on restoration of the spinal cord and motor 
function. In future studies, we would like to assess the 
long-term benefits of this technique in improving functional 
abnormalities and locomotion in the patient population.
Conclusions
We found that combining anodal tDCS over the primary 
motor cortex and PES to the leg increased the magnitude of 
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disynaptic reciprocal inhibition and long-loop presynaptic 
inhibition, and improved lower extremity motor function in 
patients with incomplete SCI. Although the strength of our 
conclusion must be tempered by the absence of data regarding 
the long-term effects on the restoration of the spinal cord and 
motor function, we provide the first evidence that anodal tDCS 
combined with PES is effective for improving impaired spinal 
modulation and recovery of motor function among patients 
with SCI. Therefore, therapy using this combination may be 
useful for the neuro-rehabilitation of patients with SCI.
Acknowledgments A part of this study falls under the “Strategic 
Research Program for Brain Sciences” of the Japan Agency for Medi-
cal Research and Development. This work was partially supported by 
a JSPS KAKENHI (C) Grant Number 26350587 and a Health Labor 
Sciences Research Grant (12102976) to Toshiyuki Fujiwara, and 
a grant from the Funds for a Grant-in-Aid for Young Scientists(B) 
(15K16370) to Tomofumi Yamaguchi.
Compliance with ethical standards 
Conflict of interest None.
Open Access This article is distributed under the terms of the 
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use, 
distribution, and reproduction in any medium, provided you give 
appropriate credit to the original author(s) and the source, provide a 
link to the Creative Commons license, and indicate if changes were 
made.
References
Bhagchandani N, Schindler-Ivens S (2012) Reciprocal inhibition 
post-stroke is related to reflex excitability and movement ability. 
Clin Neurophysiol 123:2239–2246
Bohannon RW, Smith MB (1987) Interrater reliability of a modified 
Ashworth scale of muscle spasticity. Phys Ther 67:206–207
Calancie B, Broton JG, Klose KJ, Traad M, Difini J, Ayyar DR (1993) 
Evidence that alterations in presynaptic inhibition contribute to 
segmental hypo- and hyperexcitability after spinal cord injury in 
man. Electroencephalogr Clin Neurophysiol 89:177–186
Celnik P, Paik NJ, Vandermeeren Y, Dimyan M, Cohen LG (2009) 
Effects of combined peripheral nerve stimulation and brain 
polarization on performance of a motor sequence task after 
chronic stroke. Stroke 40:1764–1771
Chen XY, Chen L, Chen Y, Wolpaw JR (2006a) Operant condition-
ing of reciprocal inhibition in rat soleus muscle. J Neurophysiol 
96:2144–2150
Chen Y, Chen XY, Jakeman LB, Chen L, Stokes BT, Wolpaw JR 
(2006b) Operant conditioning of H-reflex can correct a loco-
motor abnormality after spinal cord injury in rats. J Neurosci 
26:12537–12543
Chen XY, Chen Y, Wang Y, Thompson A, Carp JS, Segal RL, Wolpaw 
JR (2010) Reflex conditioning: a new strategy for improv-
ing motor function after spinal cord injury. Ann N Y Acad Sci 
1198:E12–E21
Crone C, Hultborn H, Mazieres L, Morin C, Nielsen J, Pierrot-Deseil-
ligny E (1990) Sensitivity of monosynaptic test reflexes to facili-
tation and inhibition as a function of the test reflex size: a study 
in man and the cat. Exp Brain Res 81:35–45
Deliagina TG, Orlovsky GN (1980) Activity of Ia inhibitory interneu-
rons during fictitious scratch reflex in the cat. Brain Res 
193:439–447
Dietz V (2002) Proprioception and locomotor disorders. Nat Rev 
Neurosci 10:781–790
Dietz V, Sinkjaer T (2007) Spastic movement disorder: impaired 
reflex function and altered muscle mechanics. Lancet Neurol 
6:725–733
Feldman AG, Orlovsky GN (1975) Activity of interneurons medi-
ating reciprocal Ia inhibition during locomotion. Brain Res 
84:181–194
Fujiwara T, Tsuji T, Honaga K, Hase K, Ushiba J, Liu M (2011) Tran-
scranial direct current stimulation modulates the spinal plasticity 
induced with patterned electrical stimulation. Clin Neurophysiol 
122:1834–1837
Fung J, Barbeau H (1989) A dynamic EMG profile index to quantify 
muscular activation disorder in spastic paretic gait. Electroen-
cephalogr Clin Neurophysiol 73:233–244
Geertsen SS, Stecina K, Meehan CF, Nielsen JB, Hultborn H (2011) 
Reciprocal Ia inhibition contributes to motoneuronal hyperpolar-
isation during the inactive phase of locomotion and scratching in 
the cat. J Physiol 589:119–134
Hongo T, Jankowska E, Lundberg A (1972) The rubrospinal tract. IV. 
Effects on interneurones. Exp Brain Res 15:54–78
Huang YZ, Rothwell JC, Lu CS, Wang J, Weng YH, Lai SC, Chuang 
WL, Hung J, Chen RS (2009) The effect of continuous theta 
burst stimulation over premotor cortex on circuits in primary 
motor cortex and spinal cord. Clin Neurophysiol 120:796–801
Kaegi S, Schwab ME, Dietz V, Fouad K (2002) Electromyographic 
activity associated with spontaneous functional recovery after 
spinal cord injury in rats. Eur J Neurosci 16:249–258
Knikou M, Mummidisetty CK (2011) Reduced reciprocal inhibition 
during assisted stepping in human spinal cord injury. Exp Neurol 
231:104–112
Knikou M, Mummidisetty CK (2014) Locomotor training improves 
premotoneuronal control after chronic spinal cord injury. J Neu-
rophysiol 111:2264–2275
Knikou M, Smith AC, Mummidisetty CK (2015) Locomotor train-
ing improves reciprocal and nonreciprocal inhibitory control of 
soleus motoneurons in human spinal cord injury. J Neurophysiol 
113:2447–2460
Kumru H, Murillo N, Samso JV, Valls-Sole J, Edwards D, Pelayo R, 
Valero-Cabre A, Tormos JM, Pascual-Leone A (2010) Reduction 
of spasticity with repetitive transcranial magnetic stimulation 
in patients with spinal cord injury. Neurorehabil Neural Repair 
24:435–441
Lindenberg R, Zhu LL, Schlaug G (2012) Combined central and 
peripheral stimulation to facilitate motor recovery after stroke: 
the effect of number of sessions on outcome. Neurorehabil Neu-
ral Repair 26:479–483
Masakado Y, Muraoka Y, Tomita Y, Chino N (2001) The effect of 
transcranial magnetic stimulation on reciprocal inhibition in the 
human leg. Electromyogr Clin Neurophysiol 41:429–432
Maynard FM Jr, Bracken MB, Creasey G, Ditunno JF Jr, Donovan 
WH, Ducker TB, Garber SL, Marino RJ, Stover SL, Tator CH, 
Waters RL, Wilberger JE, Young W (1997) International stand-
ards for neurological and functional classification of spinal cord 
injury. Spinal Cord 35:266–274
Meunier S, Pierrot-Deseilligny E (1998) Cortical control of pre-
synaptic inhibition of Ia afferents in humans. Exp Brain Res 
119:415–426
Mizuno Y, Tanaka R, Yanagisawa N (1971) Reciprocal group I inhi-
bition on triceps surae motoneurons in man. J Neurophysiol 
34:1010–1017
Nardone R, Höller Y, Thomschewski A, Brigo F, Orioli A, Höller P, 
Golaszewski S, Trinka E (2014) rTMS modulates reciprocal 
1478 Exp Brain Res (2016) 234:1469–1478
1 3
inhibition in patients with traumatic spinal cord injury. Spinal 
Cord 52:831–835
Nielsen JB, Petersen N, Deuschl G, Ballegaard M (1993) Task-related 
changes in the effect of magnetic brain stimulation on spinal 
neurones in man. J Physiol 471:223–243
Nielsen JB, Crone C, Hultborn H (2007) The spinal pathophysiology 
of spasticity–from a basic science point of view. Acta Physiol 
189:171–180
Nitsche MA, Paulus W (2000) Excitability changes induced in the 
human motor cortex by weak transcranial direct current stimula-
tion. J Physiol 527:633–639
Okuma Y, Mizuno Y, Lee RG (2002) Reciprocal Ia inhibition in 
patients with asymmetric spinal spasticity. Clin Neurophysiol 
113:292–297
Perez MA, Field-Fote EC, Floeter MK (2003) Patterned sensory stim-
ulation induces plasticity in reciprocal ia inhibition in humans. J 
Neurosci 23:2014–2018
Prochazka A, Gorassini M (1998) Ensemble firing of muscle affer-
ents recorded during normal locomotion in cats. J Physiol 
507:293–304
Raineteau O, Schwab ME (2001) Plasticity of motor systems after 
incomplete spinal cord injury. Nat Rev Neurosci 2:263–273
Roche N, Lackmy A, Achache V, Bussel B, Katz R (2011) Effects of 
anodal transcranial direct current stimulation over the leg motor 
area on lumbar spinal network excitability in healthy subjects. J 
Physiol 589:2813–2826
Rudomin P, Schmidt RF (1999) Presynaptic inhibition in the verte-
brate spinal cord revisited. Exp Brain Res 129:1–37
Suzuki K, Fujiwara T, Tanaka N, Tsuji T, Masakado Y, Hase K, 
Kimura A, Liu M (2012) Comparison of the after-effects of 
transcranial direct current stimulation over the motor cortex 
in patients with stroke and healthy volunteers. Int J Neurosci 
122:675–681
Thompson AK, Doran B, Stein RB (2006) Short-term effects of func-
tional electrical stimulation on spinal excitatory and inhibitory 
reflexes in ankle extensor and flexor muscles. Exp Brain Res 
170:216–226
Thompson AK, Estabrooks KL, Chong S, Stein RB (2009) Spinal 
reflexes in ankle flexor and extensor muscles after chronic cen-
tral nervous system lesions and functional electrical stimulation. 
Neurorehabil Neural Repair 23:133–142
Wolpaw JR, Tennissen AM (2001) Activity-dependent spinal cord 
plasticity in health and disease. Annu Rev Neurosci 24:807–843
Yamaguchi T, Fujiwara T, Saito K, Tanabe S, Muraoka Y, Otaka Y, 
Osu R, Tsuji T, Hase K, Liu M (2013) The effect of active ped-
aling combined with electrical stimulation on spinal reciprocal 
inhibition. J Electromyogr Kinesiol 23:190–194
